In this work, the crystal structure and electronic structure as well as the synchrotron radiation vacuum ultraviolet- phosphor is measured to check the potential scintillator applications.
Introduction
Due to the large absorption cross section, high efficiency, tuneable emission wavelength and fast decay of the spin-and parity-allowed 4f-5d transitions, the Ce 3+ activated inorganic compounds have been extensively studied for their application in solid-state lighting, ionizing radiation detection, and so on. 1,2 For instance, Ce 3+ activated Y 3 Al 5 O 12 with high quantum efficiency and good thermal stability is a commercial yellow phosphor for the white light-emitting diodes driven by a blue chip. 3 The Ce 3+ activated LaBr 3 with large light output, excellent energy resolution, and fast decay time is a good scintillator for gamma-ray discrimination. 4 In addition, Ce
3+
can also serve as an efficient sensitizer for other lanthanide luminescence.
5,6
In essence, two factors impose great inuence on the luminescence of Ce 3+ in a dielectric inorganic compound. Firstly, the crystal eld strength and nephelauxetic effect together determine the 5d energy (including the crystal eld splitting and the centroid shi) of Ce 3+ in a given host compound. 7 From a viewpoint of electron binding energy, the Ce 3+ 5d electron binding energy, rather than that of 4f electron, mainly decides the absorption energy of Ce 3+ activated phosphors. 8 Furthermore, due to the thermal ionization mechanism for Ce 3+ emission thermal quenching, the gap of Ce 3+ 5d electron binding energy to the bottom of host conduction band (CB) also impacts the thermal stability of Ce 3+ luminescence. 9, 10 Secondly, the electron-phonon coupling signicantly inuences the Ce 3+ luminescence. The resulting Stokes shi along with the absorption wavelength of Ce 3+ determines the emission colour of phosphors. 11 Moreover, the width of emission bands that are attributed to the vibronic transitions progressing up to several harmonics of the vibrational frequencies further affects the phosphor colour purity. 12 Consequently, it is critical to understand the inuences of 5d electron binding energy and electron-phonon coupling on luminescence to develop the superior Ce 3+ activated phosphors with desired properties.
In this work, the crystal structure and electronic structure of the host compound Li 6 Y(BO 3 ) 3 (LYBO) and Ce 3+ doped samples prepared via a high-temperature solid-state reaction method were investigated. The VUV-UV excitation spectra, the UV-vis emission spectra and the decay curves of doping samples at different concentrations and temperatures were studied in detail. hours in thermal carbon reductive atmosphere and cooled down to room temperature (RT). Finally, the obtained products were ground into powder for further measurements. The phase purity of powder samples was checked by a Rigaku D-MAX 2200 VPC X-ray diffractometer with Cu Ka radiation (l ¼ 1.5418Å) at 40 kV and 26 mA. High-quality XRD data over a 2q range of 5 to 100 at an interval of 0.02 for Rietveld renement was collected by a Bruker D8 advanced X-ray diffractometer with Cu Ka radiation (l ¼ 1.5418Å) at 40 kV and 40 mA. The Rietveld renement was performed by using the TOPAS-Academic program. 15 The UV-vis luminescence spectra and decay curves were recorded on an Edinburgh Instrument FLS920 combined uorescence lifetime and steady-state spectrometer. The vacuum ultraviolet-ultraviolet (VUV-UV) excitation spectra were recorded on the beamline 4B8 of the Beijing Synchrotron Radiation Facility (BSRF). 16 The X-ray excited luminescence spectrum was recorded by using a Philips PW2253/20 X-ray tube and a Cu anode operating at 40 kV and 25 mA at Del University of Technology, the Netherlands.
The atomic structures of the LYBO host unit cell were fully relaxed by using periodic density functional theory (DFT) calculations with the PBE functional 17 as well as the PBE0 hybrid functional, 18 as implemented in the VASP code.
19,20
The electrons of Li (1s  2 2s  1 ), Y(4s  2 4p  6 4d  1 5s 2 ), B(2s 2 2p 1 ), and O(2s 2 2p 4 ) were treated as valence electrons, and their interactions with the respective cores were described by the projected augmented wave (PAW) method. 21 The convergence criteria for total energies and atomic forces were set to 10 À6 eV and 0.01 eV A À1 , respectively. A 3 Â 2 Â 3 k-point grid in the Monkhorst-Pack scheme was used to sample the Brillouin zone, with a cutoff energy of 530 eV for the plane wave basis.
Results and discussion
3.1 Crystal structure and electronic structure of LYBO Rietveld renement of high-quality XRD data of synthesized LYBO compound was conducted by using P2 1 /c (monoclinic) structure as an initial model (Fig. 1a) . 22 The reliability factors R wp ($4.983%), R p ($3.319%) and R B ($2.876%) all imply a good tting quality. No other impurity was found, indicating the single pure phase of the synthesized sample. The rened structural parameters are listed in Table 1 Fig. 1b , showing a direct band gap of 4.83 eV with the valence band maximum (VBM) and the conduction band minimum (CBM) both located at the k-point G. It is well known that the band gaps of inorganic compounds are usually underestimated by DFT-PBE calculations, and can be obtained quite accurately by hybrid DFT calculations. Fig. 1c gives the calculated total and orbital projected densities of states (DOS) for LYBO with the PBE0 functional. The band gap is predicted to be 7.26 eV, close to the experimentally estimated value of 7.44 eV as discussed below. The top of the valence band is dominated by O 2p states, and the bottom of the conduction band is mainly composed of Y 4d states with small contributions from O 2s, 2p states. The conduction band edge is constituted by a small peak at 7.26 eV above the VBM, which is mainly derived from s-character states of O atoms. It is noted that, with the PBE functional, the calculated orbital characters for the valence and conduction bands are basically the same, although with a much smaller band gap.
For the Ce 3+ doped samples, their structures were studied via XRD technique. Fig. 1d shows the representative result. 27 and Ba 2 Ca(BO 3 ) 2 ($7.61 eV). 28 In addition, the other low-lying excitation bands in Fig. 2a can be aligned to the 5d excitation bands of Ce 3+ in LYBO. Since the Ce 3+ ion enters the eight-fold coordinated Y 3+ sites with C 1 point symmetry, the 5d 1 conguration of Ce 3+ should be split into ve levels by crystal eld. In the related literature, 24 due to the severe overlapping of Ce 3+ 5d excitation bands in LYBO, only four bands at $345 nm ($3.59 eV), $305 nm ($4.06 eV), $240 nm ($5.16 eV), and $217 nm ($5.71 eV) are well resolved at RT and one highlying excitation band remains vague. In our case, the band I at $3.57 eV ($347 nm) in curve 1 can be assigned to the lowest 5d excitation (4f-5d 1 ) band. To further determine the energies of higher 5d excitation bands of Ce 3+ and host absorption, we tted the curve 2 by using a sum of ve Gaussian functions. As shown in the inset of Fig. 2a , the band VI at $7.04 eV corresponds to the host exciton creation absorption of LYBO as discussed above; the bands II ($4.04 eV), III ($5.16 eV) and IV ($5.91 eV) are in good accordance with the above-cited reference; the band V at $6.39 eV is then tentatively assigned to the , respectively. Their energy difference is about 0.23 eV, which is near the common value (0.25 eV). 35 The Stokes shi of Ce 3+ in LYBO is calculated to be $0.33 eV by using the peak energies of 4f-5d 1 excitation band I and emission band B. It is quite normal for Ce 3+ luminescence. 36 The luminescence decay curve (l ex ¼ 340 nm, l em ¼ 383 nm) at 15 K in the inset of Fig. 2b 
37
As a useful tool to evaluate the binding energies of lanthanides, especially the Ce 3+ ions, in host compounds and study their impacts on the lanthanide luminescence, the vacuum referred binding energy (VRBE) scheme of lanthanide 4f and 5d states in LYBO is then constructed in Fig. 3 . The required experimental data include the mobility host band gap E BG ($7.44 eV, see arrow 1 in Fig. 3) inuenced by the thermally-activated concentration quenching. 43 We will discuss it later. The inuence of doping concentration on Ce 3+ emission is investigated as follows. viz., the excitation energy is more possibly transferred to the traps or quenching sites via energy migration between Ce 3+ ions rather than emitted radiatively.
35
In addition, the thermal stability of Ce 3+ emission is studied.
It is believed that the temperature-dependent luminescence decay curves of Ce 3+ emissions give the more precise information on their thermal quenching properties compared to the intensity measurements. 43 Consequently, the luminescence decay curves (l ex ¼ 340 nm, l em ¼ 383 nm) of samples LYBO:xCe 3+ (x ¼ 0.05-0.10) in the temperature range of K are collected as shown in Fig. 5a-c . With the increase of temperature, the Ce 3+ luminescence decay turns faster, which
indicates that the thermal quenching of Ce 3+ emission
happens. More clearly, we further extracted the lifetime values of Ce 3+ emissions in Fig. 5d via the average lifetime equation.
44
For the results of sample LYBO:5%Ce 3+ , there are two stages separated by about 300 K: (i) when the temperature is lower than 300 K, the lifetime values seem unchanged ($26.1 ns) and the platform implies no thermal quenching in this temperature range; (ii) when the temperature exceeds 300 K, the lifetime values gradually decrease due to the thermal quenching of Ce emissions turn to thermally quench more easily when the doping concentration increases. We then used the Arrhenius equation 45 to t the lifetime data in Fig. 5d and the obtained activation energy (E a ) values are $0.24, $0.19, and $0.15 eV for these three samples, which further conrm the worse thermal stability of Ce 3+ emissions in the concentrated samples. In fact, these phenomena are because of the thermally-activated concentration quenching of Ce 3+ emissions at high-doping level. 43 From the decreasing lifetime values ($26.1, $25.4, and $23.9 ns) corresponding to the thermally-stable platforms of samples LYBO:xCe 3+ (x ¼ 0.05-0.10) in Fig. 5d , it is evident that the Ce 3+ emissions experience the concentration quenching in this investigated range, which is consistent with the results in Fig. 4 . Consequently, when the temperature increases, the energy transfer between Ce 3+ ions may be thermally enhanced and nally leads to the result that the excitation energy is more possibly transferred to the traps or quenching sites, i.e. the more severe concentration quenching. As for the difference between the VRBE-scheme-derived energy gap and the Arrhenius-equation-tted activation energies that both describe the thermal quenching properties of Ce 3+ emission, it can be related to the lattice relaxation process. 
where S is the Huang-Rhys parameter. To simulate the vibronic spectrum, a Gaussian shaped band is superimposed on each vibronic transition line, and the resultant spectral intensity function is
where E 0 is the transition energy of the zero-phonon line, ħu is the phonon energy, and s characterizes the bandwidth. For Ce 3+ in LYBO, the emission spectrum can be approximately considered as a superimposition of two vibronic spectra associated with the electronic transitions 5d 1 / 2 F 5/2 , 2 F 7/2 . Moreover, instead of taking into account of all vibrational modes involved in the vibronic transitions without detailed information on the vibrational frequencies and coupling strength, a feasible approach would be to use a degenerate mode with the characteristic frequency and linewidth to effectively account for their contributions. 14,47 Based on these approximations, the spectral prole function for Ce 3+ emission at low temperature may be expressed as
where I k and E 0 _ k (k ¼ 1, 2) represent the intensities and zerophonon-line energies of 5d 1 / 2 F 5/2 , 2 F 7/2 transitions, respectively, s 0 , and s 1 characterize the linewidths for the zerophonon and vibronic lines, respectively, and the summation over N is up to N ¼ 10. With this expression, we simulated the Ce 3+ emission spectrum by using the MAPLE code, and the result is displayed in Fig. 6 . It shows a good agreement between simulated and experimental emission spectra, and the small disparity at the tail of the curve may be due to the existence of some Ce 3+ distorted sites. 26 Table 2 lists the optimized value for the tting parameters. One sees that the characteristic vibrational energy (ħu) of the degenerate vibrational mode is 257 cm À1 , which falls in the lower energy range of the Raman spectrum of Li 6 Y(BO 3 ) 3 . 48 The optimized Huang-Rhys parameter S is $6, which indicates a strong electron-phonon luminescence as discussed above, and the observation that there are no obvious zero-phonon lines in the excitation and emission spectra.
X-ray excited luminescence of Ce 3+ in LYBO
Finally, the X-ray excited luminescence measurement is carried out to check the potential scintillator application of sample LYBO:5%Ce
3+
. The X-ray with a wavelength of 1.5418Å is used as the excitation source. Fig. 7 displays the X-ray excited luminescence spectra of sample LYBO:5%Ce 3+ at RT. Its spectral prole and energetic position are similar to that under UV excitation in Fig. 4 . To further estimate its scintillation light yield, the BaF 2 crystal is also measured at the same condition as shown in Fig. 7 . By calculating the ratio of the integrated intensity of sample LYBO:5%Ce 3+ with that of BaF 2 ($8880 ph
MeV

À1
) crystal, its scintillation light yield is then estimated to be $864 ph MeV À1 , which indicates that the sample LYBO:5% Ce 3+ is not suitable for X-ray detection scintillators.
Conclusions
In summary, we have systematically studied the crystal structure, the electronic structure and the synchrotron radiation VUV-UV excitation, the UV-vis emission spectra and the luminescence decay dynamics of LYBO:Ce 3+ phosphors at different concentrations and temperatures. 
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